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The authors are Donald W. Grimes, Water Scientist, Department of Land, Air 
and Water Resources, Davis, Located at the San Joaquin Valley Agricultural 
Research and Extension Center, Parlier; and Kamal M. El-Zik, Research 
Scientist, Department of Plant Sciences, Texas A & M University, College 
Station, Texas 77843, and formerly University of California Extension Cotton 
Specialist at Shafter. 


This bulletin represents a comprehensive water management program for 
cotton that incorporates the findings of many years of field experimentation 
conducted largely in the San Joaquin Valley. It presents guidelines and dis- 
cusses technology which will improve efficiency of water management, 
reduce costs, and conserve natural resources. All aspects of the program 
have direct application to the San Joaquin Valley, and some can be applied 
to the entire irrigated cotton-growing areas of the west and southwest. . 
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WATER MANAGEMENT 
FOR COTTON 


INTRODUCTION 


The agricultural economy of most of the na- 
tion's arid and semiarid southwest and west is 
dependent on irrigation water. Water transport 
to fields, and storage in the crop-root zone to 
meet plant needs, requires the best possible 
technology to achieve a desired resource use 
efficiency and economic return. Cotton grown 
in California and Arizona requires water deliv- 
ery by irrigation systems during as much as 
85 percent of the growing season. 


Irrigation water is one of the key inputs in cot- 
ton production in the western United States 
and is a significant production cost. Proper 
scheduling of irrigation water controls plant 
growth and development, and maintains the 
balance between vegetative and fruiting 
growth of the plant for high productivity and 
the best economic return. 


Successful water management and irrigation 
scheduling requires observation of the water 
state of soils and plants and an understanding 
of the often complex, fundamental, and inter- 
acting responses of cotton to water, climate, 
and other inputs. 


GROWTH AND DEVELOPMENT 
OF THE COTTON PLANT 


To properly design and implement crop-man- 
agement programs, and to produce cotton 
more efficiently and profitably, growth and 
development of the cotton plant must be un- 
derstood. Primary factors affecting growth 
are: variety, climate, (including solar radiation, 
temperature, wind, and rainfall), availability 
of nutrients and soil moisture, pests, and cul- 
tural practices. However, the cotton plant is so 
systematically programmed that under favor- 
able conditions its growth and development 
follows a rather well-defined, consistent, and 
orderly calendar and physiological pattern. 


For convencience of discussion, we consider 
three visual stages of cotton growth and devel- 
opment and the root system. 


Table 1 presents the phenology of Acala SJ-2 
and Acala SJ-5 varieties, and shows the range 
and average calendar days and degree days 
needed for each growth stage. 


TABLE 1. Penology of Acala varieties.* 


Calendar days 


Degree 
Stages of growth Range Average days 
Plantingtoemergence 5to 20 10 50 


Emergence to square 40 to 60 50 450 
Square to bloom 20 to 27 23 330 
Bloom to open boll 45 to 80 58 950 


Normal crop 


production 190to210 200 >2,800 


*FromEl-ZikandSevacherian, 1979,and El-Ziketa/., 1980. 


The concept of degree days utilizes tempera- 
ture rather than calendar days in describing 
growth and development of an organism (Tos- 
cano, Sevacherian, and Van Steenwyk, 1979). 
The degree days concept is based on a devel- 
opmental threshold above which an organism 
grows. Accumulated heat units from planting 
date or degree days are calculated from daily 
minimum and maximum air temperatures and 
calculation is based on a developmental 
threshold temperature of 60° F. 


Plant Establishment 
and Vegetative Growth 


The first growth period extends from seed ger- 
mination to the appearance of the first square. 
Seed germination is favored by high soil oxy- 
gen, adequate moisture, and a soil tempera- 
ture above 64° F. Under favorable conditions, 
seedlings emerge 5 to 15 days after planting, 
requiring 50 degree days (Table 1). 
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The plant establishes its basic framework— 
the root, vegetative and fruiting branches, and 
partial leaf canopy—in 45 to 55 days, requiring 
500 degree days from planting. The first fruit- 
ing branch usually appears at the 6th to 9th 
node above the cotyledons. During the first 
60 to 100 hours of germination, the radicle 
apex can be damaged easily by chilling or 
anaerobic conditions. If the apex is killed, a 
shallow system of secondary roots develops 
—this may make the plant subject to moisture 
stress later in the season. 


The Root System 


The cotton plant has a primary taproot with 
many lateral roots. The taproot grows down- 
ward without branching for several days, reach- 
ing a depth of about 9 inches by the time the 
cotyledons have emerged from the soil. When 
growth of the taproot is inhibited, one or more 
of the lateral roots may assume its function. 
The depth to which the primary root pene- 
trates depends on soil type and texture, soil 
moisture, and aeration. Root growth is most 
rapid when moisture is adequate but not ex- 
cessive, when soil layers are not compacted, 
and when other soil environmental factors are 
optimum. 


The main absorption and anchoring structure 
of the cotton plant is the mass of roots that 
branches from the taproot. The distribution of 
the root system depends on climate, plant, 
and soil factors. Soil physical factors, includ- 
ing soilcompaction, aeration, and density, can 
be modified by tilling. Soil pH, permeability, 
fertility, diseases, insects, nematodes, and 
weeds can be influenced chemically. Moisture 
affects the location of the greater mass of the 
root system, as well as soil factors. The basic 
framework of the root system is normally es- 
tablished by the onset of blooming, approxi- 
mately 10 weeks after planting (Bassett et a/., 
1970). 


Fruit Formation 


Fruit formation begins with the appearance of 
the first square and continues until the boll 
opens. The plant will normally attain its boll- 
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carrying capacity during this period, which 
lasts about 9 weeks. Under favorable condi- 
tions in the San Joaquin Valley of California, 
this period occurs from early June to early 
August (El-Zik, 1980; El-Zik et a/., 1980). The 
plant normally sets 80 percent of its bolls in 
the first six weeks of the bloom period (El- 
Zik et a/., 1980). The crop begins with the 
first square, expected about 500 degree days 
from planting (Table 1). Peak squaring of the 
Acala varieties occurs at 1152 degree days 
(El-Zik and Sevacherian, 1979). 


The number of blooms produced by a cotton 
plant is influenced by such factors as soil 
moisture and fertility, length of the growing 
season, variety, temperature, insects, and dis- 
eases. When squares, blooms, or young bolls 
are shed and few bolls are developing, vege- 
tative growth is likely to be excessive. 


With continued development of vegetative 
and fruiting parts, the cotton plant, which 
has an indeterminate growth habit, produces 
squares, blooms, and bolls over a long period 
of time. In the San Joaquin Valley, blooming 
usually begins in the last 2 weeks of June. 
Blooms open about 20 to 27 days after the 
squares are first recognizable, requiring 330 
degree days (Table 1). 


The effective bloom period occurs from late 
June through mid August. About 60 percent 
of the blooms are produced within 110 days 
of planting (El-Zik et a/., 1980). Peak bloom 
is expected at 1309 degree days (E!i-Zik and 
Sevacherian, 1979). Conversion of blooms to 
bolls that will be retained is more effective 
in the early part of the season. About 50 to 
60 percent of the bolls of the Acala varieties 
are retained during the first 3 weeks of bloom- 
ing, 40-50 percent are retained during weeks 
four and five, and 30 percent are retained 
during weeks six and seven (EI-Zik et al., 
1980). Retention declines to below 10 percent 
during weeks eight to eleven. ; 


It is natural for some squares, blooms, and 
small bolis to be shed. Shedding is increased 
by such factors as deficient or, in some cases, 
excessive soil moisture, an inadequate num- 
ber of fertilized ovules, an insufficient nutrient 
supply, excessive heat or cold, and damage 
from insects and diseases (EI-Zik, 1980). Too 


much vegetative growth, especially in June or 
early July, may induce physiological shed of 
squares. Fruit shed also results when the 
demand by the various plant parts for photo- 
synthates exceeds the supply. This is common 
when several bolls per plant reach their maxi- 
mum growth. When shedding is greater than 
normal, vegetative growth may be excessive, 
causing delayed maturity and plants that are 
difficult to defoliate and harvest. 


Boll Growth and Maturation 


The period of boll growth begins when the 
plants are about 100 days old and continues 
until the last set boll opens about 190 to 210 
days after planting. 


After fertilization of the bloom, the boll devel- 
ops rapidly, reaching full size in about 3 weeks. 
Four to five weeks more are required for boll 
maturation. Seeds attain their full size about 3 
weeks after fertilization, but they do not reach 
maturity until shortly before the boll opens. 


Peak total green boll set is reached at about 
132 days, requiring 1755 degree days. Total 
boll set increases rapidly to the fifth week of 
blooming, then begins declining. About 80 
percent of the mature bolls are set in the first 
six weeks of the blooming period (El-Zik and 
Sevacherian, 1979; El-Zik et a/., 1980). Bolls 
start to open 135 days after planting. 


The boll period—days from bloom to open boll 
—requires an average of 950 degree days 
(El-Zik and Sevacherian, 1979). Bolls devel- 
oping from blooms that occurred early in the 
season usually require about 55 days from 
blcom to open boll. Blooms developing in 
late August and early September require as 
much as 80 days to accumulate the needed 
950 heat units to mature and open (Table 1). 


SOIL CHARACTERISTICS 


Cotton irrigation schedules using convention- 
al irrigation methods such as furrow and 
sprinkler vary greatly in the west and south- 
west cotton-growing regions of the United 
States: Soils differ greatly in their ability to 


store water for plant use, and in their ability 
to transmit water to an absorbing root surface. 
Compact or high-strength zones in the soil 
may prevent the plant from developing a fully 
expanded root system. All of these considera- 
tions, plus climate, will directly affect any op- 
timum-water-management schedule. 


Much of the soil’s ability to hold and transmit 
water is related to soil texture, although struc- 
ture and content of organic matter also have 
an effect. Usually, soil organic matter is low 
in the semiarid cotton-growing region, and 
soil structure is weakly developed on the rela- 
tively young soils of alluvial fans in California's 
Central Valley and other regions of the west 
and southwest where vast areas are devoted 
to cotton production. 


Field Capacity 


“Field capacity,” or the amount of water pres- 
ent in a soil following redistribution after 
irrigation or heavy rainfall, is closely related to 
the amount of fine soil particles in the clay- 
size range. Fine particles have most of the 
surface area in a given soil mass, and water 
is held as a surface film on soil particles. 
Particle size also influences the flow charac- 
teristics of water in an unsaturated condition 
(and, therefore, to an absorbing root), which is 
important to proper plant-water relations. 


The term “field capacity” does not represent a 
fundamental property of soils, because drain- 
age characteristics of soil differ greatly in the 
field. However, the concept is so convenient 
that its usage continues. A laboratory measure 
of the amount of water held by soil when 
subjected to '/3-bar suction is frequently used 
as an estimate of field capacity. For many 
loam-to-clay-loam soils this is fairly reliable, 
but the 1/:o-bar suction value may be closer 
to field capacity for very sandy soils. Figure 1 
shows the ‘/s-bar water content and its rela- 
tionship to the amount of clay found in the 
profiles of a Panoche clay loam and a Wasco 
sandy loam recently used in field studies with 
cotton. Though other factors contribute sub- 
stantially to water retention, the clay content 
correlation is high. 
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Fig. 1. Water-retention characteristics associated with 
clay content. 


Permanent Wilting Point 


With sufficient drying, soils are unable to sup- 
ply water to plant roots rapidly enough to 
maintain plant turgidity. When such acondition 
is extreme, plants wilt and do not recover 
overnight (permanent wilting point, PWP). The 
water content at 15-bars suction estimates the 
PWP and is illustrated for the variable soil 
clay content of Figure 1. The difference be- 
tween field capacity and the PWP represents 


the water that plants can extract, which varies 
from less than 1 inch per foot of soil depth 
for sandy soils to over 2 inches for soils con- 
taining larger amounts of clay particles. At 
one time it was believed that water was essen- 
tially of equal availability at suction values 
above the PWP. It is now generally recognized 
that plants are under water stress well before 
the root zone water content reaches the PWP. 
Figure 1 lists the range of soil textural classes, 
given in order of increasing clay content, for 
O to 15 percent, 15 to 30 percent, and greater 
than 30 percent clay. 


Soil Compaction 


Some soils will not allow cotton plants to 
fully express their potential root system. The 
Panoche clay loam of Table 2 offers little or 
no abnormal resistance to the growing root 
system (Grimes et a/., 1975). Even when the 
soil has no restricting zones, however, about 
50 percent of the total root length is con- 
tained by the top 2 feet of soil (a few roots 
penetrate as deep as 8 feet). A highly compact 
tillage pan in Hanford sandy loam severely 
restricts root extension, allowing only limited 
root development below 2 feet until late in the 
growing season. 


Clearly, a water management system must 
consider not only the water-retention charac- 
teristics of soil but also the development rate 
of plant roots and possible restricting zones 
in the soil. 


TABLE 2. Root densities of cotton for soils of low (Panoche clay loam) and high (Hanford sandy loam) 


resistance to root growth.* 


Panoche—9/7 


Panoche Hanford 
Depth Depith—from Percent of total 
(feet) 6/25 7/29 9/7 6/22 7/26 9/3 surface to: root length: 
cm of root per cm of soil 

Oto 1 1.81 1.94 228 1.82 2.26 2.19 1 ft 26 

1 to 2 tee ne 1.99 0.52 0.24 0.76 2 ft 50 

2 10) S 0.82 1.42 1.50 0.28 0.08 0.49 Sait 68 

3 to 4 -- 0.89 ae — 0.06 0.29 4 ft 81 
4to5 - 0.60 0.88 _ 0.05 0.11 Sy iit 91 
5to6 a (0) 6'7/ 0.49 — 0.01 0.08 6 ft 97 

6 to 7 _ — 0.21 _ ~ 0.00 7 ft 99 
7to8 _ _ 0.04 _ — 0.00 8 ft 100 


*From Grimes et al., 1975. 
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WATER REQUIREMENT 
AND USE PATTERN 


Evapotranspiration (ET) refers to the total 
amount of water evaporated from the soil sur- 
face and transpired by the plant. Therefore, 
ET depends largely upon climatic conditions 
and the amount of leaf surface or plant cover 
developed at a given time if soil moisture is 
not in short supply. Figure 2 shows the average 
seasonal water use for an adequately watered 
cotton crop in the San Joaquin Valley. Since 
the amount of leaf surface is small for a while 
after emergence, early season water use is 
initially low and due primarily to evaporation 
from the soil surface. The water-use rate ap- 
proaches 0.1 inch per day by the time the 
first squares are observed in early June. Plant 
growth and leaf canopy development pro- 
ceeds rapidly through June, and essentially 
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CUMULATIVE WATER USE (INCHES) 


full ground cover is established by July 10. 
Water use is no longer limited by plant cover, 
and maximum daily ET rates of about 1/3 inch 
per day are common through early to mid 
August. Late season ET rates are lower, re- 
flecting plant aging, less atmospheric demand, 
and possible soil-moisture deficits imposed to 
encourage maturity. 


In the San Joaquin Valley, the total seasonal 
use (ET) of 28.3 inches shown in Figure 2 
is sufficient to produce maximum yields. In the 
southern desert of California and in Arizona, 
actual ET for maximum production is consid- 
erably higher. For example, at Mesa, Arizona, 
a seasonal ET of 41.2 inches is reported 
(Halderman, 1973), reflecting both a longer 
growing season and higher daily use rates. A 
similar seasonal ET is observed in the Imperial 
Valley (C. F. Ehlig, personal communication). 
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Fig. 2. Cumulative water use (evapotranspiration), daily water requirement, and monthly water use for cotton irrigated 
to achieve maximum yield during an average year in the San Joaquin Valley. (From studies at the USDA Cotton 
Research Station [Wasco sandy loam] and U.C. West Side Field Station {Panoche clay loam]). 


A water shortage or improper irrigation sched- 
uling will result in lower yields. Figure 3 shows 
maximum yield for a total season ET of 28.3 
inches and lower yields as ET is reduced by 
water deficits. If only 12 inches of water were 
available for ET, only 25 to 30 percent of the 
possible yield would result. 


System inefficiencies and possibly leaching 
requirements mean that more water must be 
added than is used in the ET process. With a 
relatively efficient furrow irrigation system 
(about 75 percent), 38.3 inches of applied 
water are required for the ET of 28.3 inches 
needed to reach maximum yield. The applied 
water of Figure 3 includes soil stored water 
at planting, from preplant irrigation and rain- 
fall, and irrigation water added with a furrow 
delivery system during the growing season. 
A yield-applied water function is site specific 
in that any change in the irrigation system 
efficiency will affect this relationship. A sys- 
tem of lower efficiency would require more 
applied water to obtain a comparable yield 
level; conversely, a sprinkler system more 
efficient than the furrow system depicted by 
Figure 3 would require less applied water for 
the same yield. Also, the ET/applied water ratio 
will be higher as less water is applied. Even 
though adjustments must be made in the yield- 
applied water function when system efficiency 
differs appreciably from that given, some very 
useful information can be derived from a 
physical and economic analysis. 


Figure 3 shows that cotton yields are increased 
with applied water up to a point at which 
further water addition gives no yield advan- 
tage. This defines the upper limit of a “rational 
water use zone” (Grimes, 1977). The lower 
limit, 21.7 inches, is defined as the applied 
water amount that results in the highest effi- 
ciency of water use or greatest production per 
inch of water used. It can be shown, by con- 
sidering the yield per acre and planted acres, 
that the total crop product will be greater 
if water is used on each acre at least up to 
the amount that gives maximum water use 
efficiency (Heady, 1952). This lower limit is 
significant because it indicates the lowest 
possible amount of water that should be con- 
sidered in a production system, even if planted 
acreage must be restricted. Using a range of 
water costs and cotton prices experienced in 


PERCENT OF MAXIMUM YIELD 


the San Joaquin Valley over the past few years 
shows that profit is greatest when 30 to 35 
inches of total season water is applied. 
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Fig. 3. Relationship of cotton yield (RY) to evapotrans- 
piration (ET) and to applied irrigation water (W). Adapted 
from Grimes, 1977. 


The results given in Figure 3 assume that the 
yield associated with a given amount of water 
is the highest yield possible for that water 
quantity. 


IRRIGATION SCHEDULING 


An important management tool to regulate 
vegetative growth and encourage fruit devel- 
opment is the judicious use of mild water 
stress, while avoiding excessive stress which 
reduces yield. The amount of yield reduction 
from excessive stress depends upon the in- 
tensity and duration of imposed stress at each 
stage of plant development. 


Preplant Irrigation 


Most areas in the far western United States 
do not have enough winter rainfall to wet the 
soil sufficiently to fully recharge the soil pro- 
file. A common and desirable practice is to 
irrigate before planting with enough water to 
wet the soil through the effective rooting 
depth. Preplant irrigation leaches salts, pro- 
vides moisture for seed germination, seedling 
emergence, and early growth, and stores 
moisture to the potential depth of the root 
system for use later in the season. Because 
the water-holding capacity of each soil is fixed, 


it would be wasteful to wet the soil with more 
water than is needed to recharge the profile 
and leach the salts enough to maintain an 
acceptable salt balance. 


First Irrigation 


Early season growth of cotton, influenced 
greatly by the plant's water state, can affect 
the plant through the entire season, including 
the final yield. Timing of the first irrigation 
depends mostly on how much water the soil 
retains and the prevailing climatic conditions 
(Grimes et a/., 1978). Delaying the first irriga- 
tion too long reduces early growth and pro- 
vides fewer fruiting positions. If early stress 
is followed by a normal irrigation that does 
not stress the plant, rapid vegetative growth 
may develop and delay maturity. But too early 
an irrigation will slow soil warming and in- 
crease evaporative cooling of the soil surface 
when lower-than-normal temperature slows 
growth and development. This also delays 
maturity. 


TABLE 3. Optimum timing for the first irrigation 
of the growing season with average spring climatic 
conditions in the San Joaquin Valley.* 


Plant-available 
water in the First 


Possible soil top 2 feet of irrigation 
texture class soil (inches) time 

Sand/loamy sand ibe 31 May 
Loamy sandy/sandy loam 2.0 2 June 
Sandy loam/loam a0 6 June 
Loam/clay loam 4.0 10 June 
Clay loam/silty clay 5.0 14 June 
Silty clay/clay Ss 16 June 


*From Grimes et al., 1978. 


Table 3 presents an optimum first irrigation 


time for soils differing in water-retention prop- 


erties during average climatic conditions in 
the San Joaquin Valley. Soil water extraction 
is confined largely to the top 2 feet of soil 
before the recommended time of irrigation. 
For this reason, only plant-available water in 
the top 2 feet of soil is considered in the 
scheduling guide. For a wide range of soil 
conditions, scheduling may vary from late 
May to past mid June. A cool, wet spring will 
require a delay from dates given in the table, 


whereas warm, dry, windy conditions will has- 
ten the desired first irrigation time by a few 
days. 


Figure 2 shows that about 3 inches or less 
of water are used by the time a first irrigation 
is needed. Since many soils are most recep- 
tive to water at the first irrigation, some deep 
percolation loss may occur with surface irri- 
gation. A practice of irrigating only every 
other furrow works well at the first irrigation, 
particularly for high intake rate soils, and final 
yield will be equal to or better than that 
achieved by irrigating every furrow (Grimes 
et al., 1968). For soils that have limited lat- 
eral water movement in the soil, care must be 
taken to avoid excessive water stress before 
the next irrigation. 


Mid-season Irrigation 


Plant growth is controlled directly by the 
plant's water status and will be slowed as 
water stress increases. As soils dry, the amount 
of water present at the absorbing root surface 
becomes too low to maintain a desired trans- 
piration rate and stress will develop. The 
criteria used for scheduling irrigation can be 
based on potential evapotranspiration from 
climatic measurements, soil-based measure- 
ments, and plant-based observations. Irriga- 


‘tion scheduling by the calendar and by past 


experience is sometimes done successfully in 
areas such as the San Joaquin Valley where 
wide year-to-year variations in climate are un- 
common in midseason. However, observations 
on soil-water and plant-water status are more 
flexible when variations occur in the climate, 
economic conditions, and water availability 
(Grimes and Cantrell, 1980). 


Soil-water observations 
for irrigation schedules 


If soil-based observations for irrigation sched- 
uling are to be used successfully, the extent 
of the plant root system and the nature of 
any modifying soil conditions, such as soil 
compaction, must be considered. With little or 
no restrictions on growth, the cotton taproot 
extends downward rapidly (1 inch per day) 
for several weeks after planting (Bassett et 
al., 1970). 
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Water is removed from the soil most readily 
near field capacity and with increasing diffi- 
culty as water content approaches the per- 
manent wilting point. Tensiometers measure 
the tenacity of water held by soils and are 
frequently used to provide information on soil 
water status (Marsh, 1978). Figure 4 shows 
tensiometer readings for both sandy loam and 
clay loam soils for irrigation regimes that re- 
sulted in optimum productivity. Tensiometers 
should be positioned in at least two depths: 
in the upper section and midsection of the root 
zone. The units operate up to about 80 centi- 
bars. If soils become dryer than this, air will 
enter the system and the units stop operating. 
Tensiometers are used most successfully on 
sandy soils, which retain as much as 80 to 
85 percent of plant-available water in the unit 
operating range. Clay-loam soils have more 
available water at higher suction values and 
the air entry value is frequently exceeded 
before irrigation is needed. An additional unit 
deeper in the soil helps alleviate this problem 
by indicating water use where fewer roots are 
present. Tensiometers and electrical-resist- 
ance-type units that are sensitive in the dry 
range are sometimes used together to provide 
information over the entire available range of 
water retention. As shown by the tensiometer 
readings, early season depletion is restricted 
to the upper soil profile. As the season pro- 
gresses, water depletion at shallow and inter- 
mediate depths becomes essentially parallel, 
but at different times, depending on the soil. 


The appearance and feel of soil below the 
surface can provide valuable information to 
the trained observer for irrigation scheduling. 
More exact information can be obtained by 
measuring weight loss upon drying. Also, 
neutron moisture probes that operate on a 
principle of slowing fast neutrons in the pro- 
portion to the amount of soil water present, 
can be used for an instantaneous water-con- 
tent reading when properly calibrated. With 
soil-water-content measurement, a useful cri- 
terion is to allow an acceptable percentage 
depletion of the plant-available water in the 
root zone before irrigating. (See Figure 4 for 
information about an optimum system.) After 
the plant roots are fully extended, as much as 
75 to 80 percent of the plant-available water 
in the root zone can be depleted from soils 
having appreciable amounts of sand. Because 


soils high in clay hold proportionally more 
water at higher suction values, their allowable 
depletion is less (60 to 65 percent). 
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Fig. 4. Soil suction from tensiometers at 18 and 36 
inches and percent available soil moisture depletion for 
the indicated depth of the soil profile from regimes giving 
optimum productivity. (Adapted from Grimes et al/., 1973.) 


Plant-based measurements 
for irrigation scheduling 


Because the plant reflects its total soil and 
atmospheric environments and is subject to 
prevailing conditions, plant-based measure- 
ments may be better for scheduling irrigations 
in some situations (Bordovsky et a/., 1974). 
Plant water potential is an accurate reflection 
of plant water status, and is the difference 
between the free energy of water in a plant 


system and that of free pure water at the same 
temperature. The water potential of leaves 
is accurately measured with a psychrometric 
technique in the laboratory, but the procedure 
is not well adapted for field use. A commer- 
Cially available portable pressure chamber 
provides an accurate estimate of the leaf water 
potential in cotton (Jordan, 1970) and has 
gained acceptance by some growers. 


The measurement technique consists of se- 
lecting the youngest fully expanded leaf, usu- 
ally on the fourth readily visible node down 
from the terminal, to avoid leaves of different 
physiologic age and light exposure history. 
The petiole and attached leaf is cut from the 
plant leaving about 3 inches of petiole from 
the cut to the base of the leaf. The leaf is 
rapidly inserted inside the chamber, to avoid 
drying which will introduce a serious error, 
and pressurized until the xylem sap first ap- 
pears on the cut petiole surface extending 
through the chamber lid. The pressure re- 
quired closely approximates leaf water poten- 
tial. Approximately 3 to 5 measurements are 
sufficient to characterize a measurement site. 


Leaf water potential varies over a 24-hour 
period and is highest (low negative number) 
just before dawn. A rapid decline begins at 
sunrise and reaches the lowest point (greatest 
stress) near solar noon. Midday values hold 
fairly constant until about 3:00 p.m. (standard 
time) when they begin to increase (less stress), 
eventually reaching a predawn level some- 
what lower than that of the previous day. The 
midday values are convenient to measure and 
are a good index of the plant water state of 
cotton in arid and semiarid regions of the 
west and southwest, where summertime cli- 
mate variation from day to day is minimal 
(Grimes and Yamada, 1982). 


Table 4 shows the relationship between main- 
stem growth rate and midday leaf-water po- 
tential as plants are stressed with increased 
intensity with time after irrigation (Grimes and 
Yamada, 1982). Mainstem growth and elonga- 


tion proceeded unchecked when leaf water 
potential was near —11 bars shortly after 
irrigation, but it essentially stopped when the 
leaf water potential reached — 24 bars. Stress 
increased (more negative leaf water potential) 
uniformly with time after irrigation, but it 
developed faster for the low-water-retaining 
sandy loam soil. 


The pressure-chamber-measured leaf water 
potential at midday corresponding to the opti- 
mum timing for the first irrigation should reach 
about —16 bars (Grimes et al/., 1978). After 
the first irrigation, cotton plants should be 
irrigated when pressure-chamber readings 
drop to about —20 bars. At peak flowering, 
results are better by irrigating at —18 bars, 
since the plant is more sensitive to yield loss 
from excessive stress at this stage (Grimes et 
al., 1970). Growth will be slowed at these 
values (Table 4). This condition corresponds 
to the visual reddish color of the mainstem 
closer to the terminal that growers use as a 
visual guide. Transient wilting by midafternoon 
can be seen on sandy soils at index readings 
of about —21 bars. This symptom is not com- 
monly observed on clay soils, where stress 
develops more gradually. 


Stress-sensitive periods 


Fruit production and shedding are closely 


allied with irrigation (Grimes et a/., 1970; 
Stockton et a/., 1961). Production is optimum 
with a water status that allows the plant to 
develop many fruiting positions while avoiding 
excessive vegetative development. Shedding 


TABLE 4. Midday teaf water potential and mainstem growth after first irrigation.* 


Panoche clay loam 


Wasco sandy loam 


Days after Midday leaf Mainstem Midday leaf Mainstem 
first irrigation water potential growth water potential growth 

(bars) (inch/day) (bars) (inch/day) 

4 ql txe fleets = 26) 1.03 

8 ee 1.04 = 244 0.90 

12 =e) 0.96 ae?) OS 

16 be 0.99 ail TE 0.61 

20 ae 0.78 —)s5' 0.46 

24 =H OWE nee ORS 

28 = HNs3 Ova —2310 0.19 


*From Grimes and Yamada, 1982. 


will be excessive during periods of severe 
water stress, but the total effects depend on 
when the stress occurs. 


The effects of severe stress at different times 
during the blooming period are shown by the 
solid bracket line in Figure 5 (Grimes et a/., 
1970). Stress was induced by withholding an 
irrigation on a sandy loam soil. Early blooming 
period stress extended for 13 days (7/5 to 
7/18), peak flowering stress was for 9 days 
(7/27 to 8/5), and late stress for 13 days (8/16 
to 8/29). Since about 3 weeks are required 
from the time fruiting forms are first visible 
until flowering, the effects of stress on the 
young forms was evaluated by extrapolating 
the stress period 3 weeks down the time scale 
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(broken bracket line of Figure 5). Figure 5 
shows that early water stress had little or no 
effect on flower production or boll retention. 
However, 3 weeks past the stress period 
flowering was reduced sharply, thus indicating 
the loss of squares in the stress period. With 
a boll load on the plant, stress at peak flower- 
ing caused boll abscission as well as square 
loss. A similar response was observed by stress 
late in the blooming period. Figure 6 shows 
the combined loss of bolls and squares with 
stress at peak blooming causing the greatest 
yield loss (32 percent). Therefore, severe 
stress should be avoided during this most 
sensitive period (Grimes et a/., 1970). Severe 
stress either early or late in the blooming 
period gave a 20 percent yield loss. 
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Fig. 5. Daily flower and boll development with no stress and severe water deficits imposed at different times during 


the flowering period. (Adapted from Grimes et a/., 1970.) 
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Fig. 6. Relative lint yield and boll production associ- 
ated with different stress conditions during flowering. 
(Adapted from Grimes et a/., 1970.) 


Last Irrigation 


An optimum scheduling of the last irrigation, 
during average climatic conditions, can be 
related to the amount of plant-available water 
in the soil immediately following the last irriga- 
tion (Grimes and Dickens, 1974). If the entire 
effective rooting depth is wet to field capacity, 
this represents a measureable soil property 
and can be determined for a given field. A 
visual check on wetting depth may be needed 
to avoid excessive stress. The procedure is 
similar to that used to estimate when to first 
irrigate but differs in that the entire rooting 
profile provides the base for estimates. A 
perched (shallow) water table in or near the 
root system can invalidate this procedure. 


Table 5 shows the optimum time of a final 
irrigation for a wide range of soils for an aver- 
age year in the San Joaquin Valley growing 
region. Soils able to retain a large amount 
of plant-available water can achieve near- 
maximum productivity with a final irrigation 
near the first of August. Sandy soils of lower 
water-retaining capabilities will need a last 
irrigation as late as early September to main- 


tain optimum productivity. Proper timing of 
the last irrigation will encourage maturity and 
minimize defoliation and trash problems at 
harvest. 


TABLE 5. Optimum timing of a final irrigation 
during average fall climatic conditions in the San 
Joaquin Valley.* 


Plant-available Final 
water in the soil irriga- 


Possible soil profile at last ir- tion 

texture class rigation (inches) time 

Sand/loamy sand 4 3 Sept. 
Loamy sand/sandy loam 6 28 Aug. 
Sandy loam/loam 8 23 Aug. 
Loam/silt loam 10 17 Aug. 
Silt loam/clay loam 12 12 Aug. 
Clay loam/silty clay 14 6 Aug. 
Silty clay/clay 16 1 Aug. 


*From Grimes and Dickens, 1974. 


Best final irrigation dates may differ some- 
what from those given for the potentially 
longer seasons of the southern California 
desert and Arizona cotton-growing regions. 


SEED DEVELOPMENT 
AND FIBER QUALITY 


Each cotton fiber is an extension of an epi- 


‘dermal cell of the seed coat. There are two 


stages in the development of cotton fibers: 
elongation, and thickening of fiber walls. Fi- 
bers attain their full length usually within the 
first 18 days (15 to 25 days) after bloom and 
fertilization of the ovule.Thickening of fiber 
walls begins after elongation ceases. During 
this stage, successive daily layers of cellulose 
are deposited on the inner surface of the fiber 
wall in a spiral. 


Many fiber and seed quality characteristics are 
determined primarily by the genetic makeup 
of the variety. However, unfavorable growing 
conditions, including plant water stress, may 
modify the genetic potential of certain fiber 
characteristics. Bolls that mature late in the 
season when temperatures are lower require 
a longer period for fiber growth and develop- 
ment and usually produce lint of lower quality. 
Fiber elongation and strength are influenced 
somewhat by water state, but fiber length and 


(3) 


micronaire are most consistently affected 
(Grimes et al., 1969; El-Zik et a/l., 1978). 
Micronaire is generally reduced by water 
management that delays maturity. 


Fiber length is reduced.by severe water stress. 
Recent studies (Grimes and Yamada, 1982) 
have shown that fiber elongation and weight 
increase proceed relatively unchecked until 
midday leaf water potentials reach —25 to 
—28 bars; at this point, both are reduced 
sharply. Grimes and Yamada (1982) found 
water-management systems that restrict yield 
levels to 50 to 70 percent of the maximum 
possible will impose sufficient water stress to 
significantly shorten fiber. 


WATER AND NITROGEN 


Water and nitrogen (N) fertilization have a 
large effect on cotton yield and are usually 
highly interdependent. Further, they substi- 
tute for one another, not in a basic sense, 


but in terms of yield. Table 6 gives yields 
of cotton lint from various amounts of water 
and nitrogen based on a yield equation devel- 
oped from studies in the San Joaquin Valley 
(Grimes, 1977). Maximum production was 
reached with 37.4 inches of water and 206 
pounds of nitrogen. Yields declined as less 
water or nitrogen was used, slowly at first, but 
then very fast as lower amounts are used. 


The interdependence of water and nitrogen 
is also shown in Table 6. For example, when 
only 15 inches of water are used, a maximum 
yield of 620 pounds of lint is obtained with 
150 pounds of N per acre. However, when 35 
inches of water are used, 200 pounds of N 
are required for a maximum yield of 1301 
pounds of lint. In a use region of increasing 
productivity, more of one factor is required 
to reach highest yield as the companion factor 
is increased. 


The relationship between the amounts of wa- 
ter and nitrogen required to reach a given 
yield can be used to establish the most profit- 
able use amounts of these factors for different 
cost and price situations. Table 7 gives the 
amounts of water and nitrogen and expected 
yield level that give maximum profit for a 
wide range of water costs. Amounts of factors 
that give maximum profit are always less than 
are required for top yield. As the cost of either 
water or nitrogen is increased, less of that 
factor is called for to give the most profit. 


The timing of nitrogen addition is not extreme- 
ly critical for cotton, but it should be suffi- 
ciently early in the growth cycle to allow use 
of the nitrogen during fruit formation. Preplant 
nitrogen application is successful, but because 
the nitrate ion moves freely with irrigation 
water, care should be taken to avoid leaching 
of nitrates below the effective root zone. Side- 


TABLE 6. Projected cotton lint yields based on amounts of water and fertilizer nitrogen for a Panoche 


clay loam in the San Joaquin Valley.* 


Inches of water T 


Nitrogen =: 
(Ib/acre) ales 20 25 30 35 40 
lbs of lint per acre fc 

O 345 631 800 886 910 884 
50 576 880 1065 1166 1203 1190 
100 614 925 delay 1225 1268 1260 
150 620 938 alakets} 1247 1294 1290 
200 610 933 1134 1250 1301 1301 
250 590 917 1122 1241 1296 1298 


*The yield equation, developed over a 3-year period, is Ye= S004 + 1630.4W” + 29.49N” — 138.34W — 1.9584N + 
j 1 a r n A 

4.374W2N%, in which Y; = pounds of lint per acre, W = inches of water available in the soil at planting time plus 

irrigation water added, and N = pounds of fertilizer nitrogen per acre (Grimes, 1977). 


ae E me Pate 
tThe efficiency Caanor water * 100) of the furrow irrigation system used to achieve these water-use amounts was 


75 percent when maximum yield was reached. 


tL) 


TABLE 7. Profit-maximizing amounts of water and nitrogen to use for different costs.* 


Cost of: Price of: Use Produce 
Watert Nitrogent Lint 

Water/ac. ft Nitrogen/Ib Cotton/Ib (inches) (Ib) (Ib/ac.) 
$ 25.00 0.20 ¢0.60 S15) 2 147 1294 
50.00 0.20 0.60 335 143 1284 
75.00 0.20 0.60 32.0 140 1270 
100.00 0.20 0.60 30.5 WeW/ 1250 
25.00 0.30 0.60 Sot 127 1285 
50.00 0.30 0.60 33.4 124 IPE 
75.00 0.30 0.60 31.8 121 1260 
100.00 0.30 0.60 30.4 119 1241 
25.00 0.20 0.70 B15) 5 152 1297 
50.00 0.20 0.70 34.1 149 1289 
75.00 0.20 0.70 S257 147 1278 
100.00 0.20 0.70 Bhi) 4! 144 1264 
25.00 0.30 0.70 35.4 135 1290 
50.00 0.30 0.70 33.9 132 1282 
75.00 0.30 0.70 S25 130 1270 
100.00 0.30 0.70 Sle2 V2 1256 
25.00 0.20 0.80 315) {2 160 1299 
50.00 0.20 0.80 85:0 158 1296 
75.00 0.20 0.80 33.9 155 1290 
100.00 0.20 0.80 B20 154 1272 
25.00 0.30 0.80 35.6 142 1293 
50.00 0.30 0.80 34.8 140 1290 
75.00 0.30 0.80 Boro 139 1284 
100.00 0.30 0.80 31.9 135 1267 
Maximum yield obtained: Oven 206 1307 


*Based on the yield equation of Table 6. 


tincludes plant-available water in the soil at planting and irrigation water added. 


tNitrogen added as fertilizer. 


dressed nitrogen may not be utilized until 
irrigation, even if the nitrogen is added to 
relatively moist soil (Grimes et a/., 1973). 


INSECTS AND DISEASES 


We have shown that water and fertility man- 
agement control vegetative growth and fruit 
development of cotton in arid and semiarid 
regions. Temperature and humidity within the 
cotton canopy will be affected by this re- 
sponse. Since insects and pathogens respond 
to environmental conditions, the use of water 
and nitrogen can be expected to influence 
pest populations. 


Water and fertility management should be 
aimed at preventing the development of tall 
plants having excessive vegetative growth. 
Research has shown that early July Lygus 
(Lygus hesperus Knight) populations in non- 


stressed irrigation plots are double that of 
stressed plots, reflecting differences in micro- 
climate or in plant attractiveness (Leigh et a/., 
1969). Lush plants are more attractive to 
certain leaf- and boll-feeding insects. The last 
irrigation may be applied early in order to 
terminate the crop to escape damage from 
boll-feeding insects and boll-rotting micro- 
organisms, and to minimize the number of 
overwintering pink bollworm larvae. Timing of 
irrigation is also important in avoiding the 
peak period of bollworm egg-laying. 


Verticillium wilt (Verticillium dahliae Kleb.) is 
favored by cool air and soil temperatures. The 
disease is more severe when soil tempera- 
tures are below 82°F. Excessive moisture, 
especially late in the season, favors the dis- 
ease, as does excessive nitrogen. Serious 
losses occur during the latter half of the grow- 
ing season, because the piants are at their 


(b) 


peak fruit-setting period, the days are shorter, 
the soil is completely shaded by plant canopy, 
and night temperatures are lower. 


Rankness of plant growth is conducive to 
fungal and bacterial development, especially 
those associated with boll rots. Outbreaks of 
lepidopterous insect pests and a mite (Siterop- 
tes reninformis Krantz) will provide avenues 
of entry to the boll and serve as carriers of 
parasitic and pathogenic fungi and bacteria. 


This can reduce both yield and the quality of 
fiber and seed. 
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